Additional index words. corn gluten meal, Fragaria 3 ananassa, mustard seed meal, wheat gluten Abstract. Propane flaming and organic amendments were evaluated for usefulness in matted-row strawberry (Fragaria 3ananassa Duch.). Flaming was used once before transplanting 'Hood' strawberry (PRETR), twice before transplanting (PRETR + PRETR), or once before and once after transplanting (PRETR + POSTR) and compared with rototilling before transplanting in 2000-02. Organic amendments tested across flame treatments included corn gluten meal (CGM) at two rates, wheat gluten (WG), and mustard seed meal (MSM) with high or low glucosinolate content, and herbicides included oxyfluorfen, pendimethalin, and a combination of oxyfluorfen + pendimethalin. Amendments/herbicides were applied immediately POSTR in Year 1 and again to established plants in late winter of Year 2. All plots were weeded by hand after weed evaluations were completed and weeding hours recorded. The trial was conducted twice: Iteration 1 and Iteration 2. Effect of flaming on grass and broadleaf weed ratings was brief during Year 1 of both iterations, with only slight differences observed in June and no differences by September. Total weeding time was reduced 12% by flaming PRETR once compared with rototilling in Iteration 1 and was reduced 10% by all flame treatments in Iteration 2. Rototilling reduced total berry yield and average individual fruit weight compared with flaming treatments in Iteration 1; there was no significant effect of flame on strawberry yield or individual fruit weight in Iteration 2. Organic amendments did not reduce weeding time in Iteration 1 compared with the nontreated control, although weeding time was increased 18% by CGM at 487 kg · ha L1 compared with synthetic herbicide treatments. In Iteration 2, total weeding time was reduced 14% for the two pendimethalin treatments and for high-glucosinolate MSM compared with nontreated control plots. First-year strawberry leaf area was reduced by oxyfluorfen + pendimethalin compared with nontreated strawberries (802 and 1086 cm 2 /plant, respectively) and was generally increased with organic amendments. Strawberry yield in Iteration 1 was increased ' '14% by CGM at 974 kg · ha L1 and WG and low-glucosinolate MSM compared with nontreated strawberry. Oxyfluorfen and oxyfluorfen + pendimethalin reduced strawberry yield by ' '20% and average individual fruit weight by ' '9% (14.8 and 14.5 g/fruit) compared with nontreated strawberry (16
/plant, respectively) and was generally increased with organic amendments. Strawberry yield in Iteration 1 was increased ' '14% by CGM at 974 kg · ha L1 and WG and low-glucosinolate MSM compared with nontreated strawberry. Oxyfluorfen and oxyfluorfen + pendimethalin reduced strawberry yield by ' '20% and average individual fruit weight by ' '9% (14.8 and 14.5 g/fruit) compared with nontreated strawberry (16.1 g/fruit); highglucosinolate MSM also reduced average individual fruit weight to 14.8 g/fruit. There were no significant effects of amendments/herbicides on strawberry yield parameters in Iteration 2.
Weed control in matted-row strawberry culture systems of the Pacific Northwest (PNW) is a difficult challenge. Like in most of the northern United States, PNW strawberries are usually produced in a three-year cycle with tillage used for weed and runner control between the rows. Matted-row culture without weed control caused a 14% reduction in 'Jewel' strawberry yield during the second year and 51% reduction during the third (Pritts and Kelly, 2004) . Kelly et al. (2007) reported that finger weeders and brush hoes may improve in-row weed control in newly transplanted strawberry, although their use is not widespread in the PNW. Organic strawberry production currently relies nearly exclusively on hand weeding and the use of plastic mulch (Pritts and Kelly, 2001) . When available, hand weeding is usually expensive, accounting for an estimated 75% of labor costs the first year. Weeding crews may disturb rooting of daughter plants within the row as weeds are removed, potentially delaying row closure and strawberry establishment. Plastic mulches are widely used for weed control in annual strawberry production (Berglund et al., 2006; Johnson and Fennimore, 2005) , but they prevent daughter plant establishment and therefore are not suitable for matted-row systems (Kelly et al., 2007) . In effort to improve in-row weed control in organic matted-row strawberry, natural weed control products and practices have been evaluated.
Corn gluten meal has shown promise as an organic amendment. It contains 10% nitrogen (47% crude protein) and has been used as both a fertilizer and weed control product (Christians, 1993) . In strawberry, 90% reduction in cover of common lambsquarters (Chenopodium album), common purslane (Portulaca oleracea), redroot pigweed (Amaranthus retroflexus), large crabgrass (Digitaria sanguinalis), and green, giant, and yellow foxtail (Setaria viridis, S. faberi, and S. pumila, respectively) was reported from application of 490 g · m -2 (Nonnecke and Christians, 1997) . Applied at renovation in July, CGM increased weed cover and weed density by August, but if applied in August, CGM reduced weed cover and dicot weed density by September . Conversely, CGM applied in July reduced dicot weeds by August in two of three years, although strawberry yield increased in only one year (Dilley et al., 2002) . Strawberry yield was also decreased if CGM was applied too often in a single growing season, likely as a result of excess nitrogen contributing to abundant foliar growth (Nonnecke and Christians, 1997) . In Turkey, CGM at 4 t · ha -1 applied in August before transplanting of strawberry resulted in control of shepherd'spurse (Capsella bursa-pastoris), annual bluegrass (Poa annua), and prostrate knotweed (Polygonum aviculare) (80%, 74%, and 49%, respectively) by May (Albay and Boz, 2003) . Like CGM, WG inhibited weed seedling growth (Gough and Carlstrom, 1999) , but there are no reports for use of WG in strawberry.
Mustard seed meal contains glucosinolates, which break down in soil to isothiocyanate in moist soil (Borek and Morra, 2005; Brown et al., 1991; Vaughn and Berhow, 2005; Vaughn et al., 2006) . Boydston et al. (2011) demonstrated that much of the herbicidal activity of MSM is the result of its glucosinolate content with effective doses for 90% redroot pigwweed control of 14.5 and 3.2 g · m -2 for two high-glucosinolate MSM, although low-glucosinolate MSM has also suppressed growth of common purslane and redroot pigweed (Bañ uelos and Hanson, 2010) . High-glucosinolate MSM (yellow mustard, Sinapis alba) provided up to 98% control of annual bluegrass, 74% control of common chickweed (Stellaria media), 95% of creeping woodsorrel (Oxalis corniculata), and 97% control of liverwort (Marchantia polymorpha) with no observable injury to containergrown ornamentals (Boydston et al., 2008 High-glucosinolate MSM (S. alba) applied up to 4.5 t · ha -1 reduced counts of common lambsquarters, redroot pigweed, and henbit (Lamium amplexicaule) by up to 50% but also reduced onion bulb yield 29% when applied three times at 2.2 t · ha -1 (Boydston et al., 2011) . Rice et al. (2007) reported 72% to 99% control of common lambsquarters and redroot pigweed with high-glucosinolate MSM (S. alba) but also 80% injury to seeded vegetables in one year out of two. The pesticidal effects of Brassicaceous seed meals on insects and soilborne pathogens has been reported, but effects have been variable Mazzola et al., 2001; Smolinska et al., 1997) . High-glucosinolate MSM (brown mustard, Brassica juncea) has been shown to be toxic to dagger nematode (Pratylenchus penetrans) at rates of 0.05% to 0.1% (w/w) in soil with no reduction in strawberry shoot or root dry weight (Qing et al., 2007) .
Flame has been used for selective weed control in crop production since the early 1940s (Anderson, 1977) . Flame weeding is most commonly used as part of a stale seedbed strategy; crops are seeded several days after final seedbed preparation and weeds removed with flame before crop emergence. Organic vegetable growers have used flaming coupled with a stale seedbed for many years (Cramer et al., 1991; Stopes and Millington, 1991; Wookey, 1985) . These techniques reduced density and biomass of common purslane and common chickweed in simulated vegetable seedings (Caldwell and Mohler, 2001) . A single flaming 4 d after seedbed preparation and 1 d before transplanting lettuce seedlings reduced weed density by 62% (Balsari et al., 1994) . Although propane flame applied at summer renovation is sometimes used to reduce disease inoculum and mite infestations in strawberry (Daugaard, 1999; Meshcheryakova, 1986; Titov, 1986) , flaming for weed control in this crop has not been widely investigated. The usefulness of flame for weed control in newly planted strawberry has been noted, but only as a factor in reducing a reservoir for other plant pests (Gengotti and Lucchi, 2000) .
Corn and wheat gluten products, MSM products, and propane flaming may offer additional weed control options for both organic and conventional strawberry producers in the PNW. Because neither crop safety of these treatments nor their efficacy on the weed species that flourish in the maritime climate of western Washington state had been previously documented, a trial was conducted to evaluate efficacy and crop safety of organic amendments and propane flaming in matted-row strawberry. , and high-and low-glucosinolate MSM at 644 kg · ha -1 ; banded rate equivalents in the strawberry row were 1680 and 3360 kg · ha -1 for CGM, 2464 kg · ha -1 for WG, and 2240 kg · ha Because organic amendments contained nitrogen (N) that would become available for strawberry or weed growth (CGM and WG = 10% total N, MSM = 6% total N), ammonium nitrate was applied to bring the total applied N for all plots (including the plots treated with conventional herbicides and the nontreated control plots) to the same total N level as was applied with the high rate of CGM (97.4 kg · ha -1 ). Ammonium nitrate was applied to the soil surface in a band over the row at the same time as the organic amendments. No other fertilizers were applied and plots were not irrigated in either iteration.
Materials and Methods
All plots were weeded by hand six times after strawberry transplanting (June, July, August, and September of Year 1 and March and April of Year 2) and the time required for those weedings was recorded. Before handweeding, weed density level (scale from 0 to 5; 0 = no weeds, 5 = high weed density) was visually evaluated 27 June and 14 Sept. 2000 for Iteration 1 and 15 June and 10 Sept. 2001 for Iteration 2. Between-row sections of all plots were rototilled in October of Year 1 of both iterations; strawberry runners rooting between rows were physically moved into the row before tillage. One strawberry plant from each row in every split plot (a total of three plants per treatment) was pulled from the soil 5 to 7 Sept. 2000 and 14 to 15 Aug. 2001 and leaves, runners, and daughter plants were counted and leaf area measured (LI 3100 Leaf Area Meter; LI-COR, Inc., Lincoln, NE). Ripe berries were picked three times in early summer of Year 2 (21 June, 28 June, and 2 July 2001 and 24 June, 1 July, and 10 July 2002). Fruit were sorted to remove diseased or otherwise unmarketable berries and the remaining fruit were counted and weighed.
The experimental design was a strip-plot design with four replicates. Propane flaming or rototilling was applied within rows and organic amendment or herbicides were applied across rows. A general linear models procedure was used to analyze the data (SAS Version 9.2; SAS Institute Inc., Cary, NC). Means were separated using Tukey's honestly significant difference test (P = 0.05).
Results
There were no significant interactions between organic amendments/herbicides and flame. Because nearly every parameter differed significantly between the two iterations, data were analyzed separately and results are HORTSCIENCE VOL. 48(3) MARCH 2013 305 | CROP PRODUCTION presented by iteration. Weed species present in the plots for both iterations included the grass weeds Italian ryegrass (Lolium perenne ssp. multiflorum) and annual bluegrass and the broadleaf weeds common chickweed, common lambsquarters, henbit, shepherd'spurse, pale smartweed, and ladysthumb (Polygonum lapathifolium and P. persicaria, respectively).
Effects of flaming. In Iteration 1, flaming PRETR once slightly increased grass weed rating (1.8) in June compared with rototilling alone or flaming twice (1.4 for all), but there was no significant difference between treatments by September (Table 2) . Broadleaf weed control in both of the twice-flamed strawberry plots was slightly better (rating of 1.0) than in rototilled plots (1.2) by June. In Iteration 2, grass weed rating in June was slightly greater in plots flamed once PRETR (2.9) compared with rototilling alone or flaming twice (ranging from 1.8 to 2.3) ( Table 2 ). Broadleaf weed control with PRETR once or PRETR + POSTR was poorer (2.3) than from PRETR + PRETR or rototilling (1.6) at the June evaluation. By September, there was no significant effect of any flaming treatment on grass or broadleaf weeds.
Strawberry plots flamed once PRETR took 12 h · ha -1 /person longer to weed than rototilled plots in June of Iteration 1 (Table 3) . In Iteration 2, flaming treatments resulted in similar weeding times as rototilled plots, although flaming once PRETR or PRETR + PRETR reduced weeding time compared with PRETR + POSTR. There was no difference in weeding times in July or August in either iteration. Weeding in September took two to 10 times longer than in previous months with strawberry flamed once PRETR or rototilled taking 30 h · ha -1 /person less time to weed than PRETR + PRETR in Iteration 1 and PRETR + PRETR and PRETR + POSTR flamed strawberry taking 38 h · ha -1 / person less time to weed than rototilled strawberry in Iteration 2. Flamed plots took less time to weed than rototilled plots in March of Iteration 1, whereas there was no significant difference among treatments in March of Iteration 2. Flaming PRETR once reduced weeding time compared with rototilled strawberry in April of both iterations. Total weeding time in Iteration 1 was 714 h · ha -1 /person in plots flamed once PRETR, 12% less that for rototilled plots (808 h · ha -1 / person). In Iteration 2, total weeding time was reduced an average of 10% by flaming treatments (ranging from 1035 to 1055 h · ha -1 / person) compared with rototilling alone (1164 h · ha -1 /person). The number of strawberry leaves and leaf area on first-year plants was reduced in rototilled plots compared with flamed strawberries in Iteration 1 (Table 4) . Runner number was also greater in plots flamed once PRETR or PRETR + PRETR than in rototilled plots, although daughter plant production was not significantly affected by flaming. In Iteration 2, the number of daughter plants was greater for strawberry flamed PRETR once compared with PRETR + POSTR flaming (4.7 and 3.5 daughters, respectively). Leaf area was less in twice-flamed strawberry than in strawberry flamed PRETR once. Rototilling plots in Iteration 1 resulted in 20% lower berry yield and individual fruit 1 g lighter than strawberries produced in flamed plots (Table 4) ; there was no significant effect of flaming treatment on strawberry yield or individual fruit weight in Iteration 2.
Effects of organic amendments and herbicides. No treatment in Iteration 1 reduced grass weed rating compared with the nontreated control x Means within a column and iteration followed by the same letter or not followed by a letter are not significantly different (Tukey's honestly significant difference test at P = 0.05). x Means within a column and iteration followed by the same letter or not followed by a letter are not significantly different (Tukey's honestly significant difference test at P = 0.05).
plots at either the June or September evaluation (Table 5 ). Treatment with oxyfluorfen or oxyfluorfen + pendimethalin reduced grass weed rating (1.0 and 1.2, respectively) compared with the low rate of CGM or pendimethalin alone (2.0 and 1.8, respectively), whereas oxyfluorfen alone also reduced grass rating compared the high rate of CGM (1.7). Broadleaf weed rating at the June evaluation was reduced by both MSM treatments and by both treatments containing oxyfluorfen (1.0 for all) as compared with nontreated control plots (1.3). In Iteration 2, grass weed rating was reduced only by oxyfluorfen alone (1.1) compared with the nontreated control (2.7) at the June evaluation (Table 5) . By September, only pendimethalin (2.0) had reduced grass rating compared with nontreated plots (3.4). Broadleaf weed rating was reduced by pendimethalin (1.8), oxyfluorfen (0.3), oxyfluorfen + pendimethalin (0.4), and both low and high glucosinolate MSM treatments (1.9 and 1.4, respectively) at the June evaluation compared with nontreated control plots, but only pendimethalin (2.9) continued to suppress broadleaf weed rating in September compared with the nontreated control (4.3).
Weeding time for plots treated with amendment/herbicides in Iteration 1 did not differ from nontreated control plots in June and July (Table 6) The number of strawberry leaves, runners, and daughter plants on first-year plants treated with amendments/herbicides did not differ from nontreated strawberry in Iteration 1 (Table 7) . Leaf area was reduced by oxyfluorfen + pendimethalin compared with nontreated strawberries (802 and 1086 cm 2 / plant, respectively). First-year strawberry growth was generally increased with organic amendments in Iteration 2, although only significantly so by CGM at 487 kg · ha -1 for number of runners and by low-glucosinolate MSM for number of runners and daughter plants (Table 7) . Conversely, all the synthetic herbicides reduced number of leaves and leaf area, whereas oxyfluorfen also reduced runner number. w Means within a column and iteration followed by the same letter or not followed by a letter are not significantly different (Tukey's honestly significant difference test at P = 0.05). x Means within a column and iteration followed by the same letter or not followed by a letter are not significantly different (Tukey's honestly significant difference test at P = 0.05).
Strawberry yield was increased 14% by CGM at the high rate, WG, and lowglucosinolate MSM (averaging 10,590 kg · ha -1 ) compared with nontreated strawberry (9305 kg · ha -1 ) in Iteration 1 (Table 7) . Oxyfluorfen and oxyfluorfen + pendimethalin reduced strawberry yield by 20% (7315 and 7287 kg · ha -1 , respectively) and average individual fruit weight by 9% (14.8 and 14.5 g/fruit) compared with nontreated strawberry (16.1 g/fruit); high-glucosinolate MSM also reduced average individual fruit weight to 14.8 g/fruit. There were no significant effects of amendments/herbicides on strawberry yield or average individual fruit weight in Iteration 2.
Discussion
Weed abundance and treatment effects differed between iterations. Strawberry plots x Means within a column and iteration followed by the same letter or not followed by a letter are not significantly different (Tukey's honestly significant difference test at P = 0.05). w Means within a column and iteration followed by the same letter or not followed by a letter are not significantly different (Tukey's honestly significant difference test at P = 0.05).
were rated weedier and total weeding time was greater in Iteration 2 than in Iteration 1 regardless of treatment. Total weeding time for strawberry treated with herbicide or highglucosinolate MSM was 2% to 8% less than for nontreated strawberries in Iteration 1, whereas reductions ranged from 12% to 29% in Iteration 2. These reductions in weeding time were not statistically significant in Iteration 1 but were in Iteration 2 despite total weeding time for these treatments taking 100 to 300 h · ha -1 /person longer in Iteration 2.
Plots treated with herbicide, organic amendment, or flame took up to 10 times longer to weed in September than in any of the preceding months of Iteration 1, indicating that there was appreciable weed seed germination or regrowth in the fall of the first year. The pattern was apparent, but less abrupt, in Iteration 2 with a doubling of weeding time occurring in August followed by another doubling of weeding time in September. A contributing factor to this pattern may have been that strawberry growth was sufficient to hinder weeding operations at about this time and care had to be taken to prevent inadvertent damage to crop plants. In either case, most herbicide/ amendment treatments did not differ in weeding times compared with nontreated control plots at that time in either iteration. Pendimethalin, either alone or mixed with oxyfluorfen, however, was still reducing weeding time in September, showing that it had the most persistence under the conditions of this experiment. Flaming at transplanting, too, caused effects that lasted beyond the initial application. Although there were exceptions in both iterations, flaming strawberry PRETR or POSTR typically lowered monthly and total weeding times compared with rototilling.
Flaming was more effective on broadleaf weeds than on grasses regardless of the timing of the flaming operation consistent with previous observations (Anderson, 1977; Cramer et al., 1991) . It appears from these data that POSTR flaming is at least as effective for broadleaf weed control as PRETR and did not reduce strawberry growth or yield. There was also no apparent benefit from flaming twice compared with flaming once. Flaming at the time of transplanting reduced total weeding time 7% in Iteration 1 and 10% in Iteration 2. It should be noted, however, that strawberry plants in this trial were hand-transplanted, so only minimal soil disturbance occurred. Mechanical transplanters open a continuous furrow and, if used after weed control treatments, are generally thought to increase weed emergence, so their use would perhaps offset weed density reductions gained from the initial flaming.
Compared with rototilling, all flame treatments increased individual fruit weight and berry yield in Iteration 1; this trend toward higher yields in strawberry flamed at transplanting was also apparent in Iteration 2. Given the greater vegetative and reproductive strawberry productivity after flaming, it is tempting to suspect the activity of some other factor (e.g., less settling of soil in flamed plots resulting in less strawberry crown exposure) was indirectly enhanced by flaming.
Like flaming, CGM was more active on broadleaf weeds than on grasses, but unlike flaming, CGM did not generally reduce total weeding time. In fact, weeding time increased by 121 h · ha -1 /person in plots treated with CGM at 487 kg · ha -1 in Iteration 1. Highglucosinolate MSM was effective on both grasses and broadleaf weeds, particularly in Iteration 2 in which total weeding time was reduced by 16%. Low-glucosinolate MSM also reduced broadleaf weed density in June of Year 1 in both iterations, although populations were similar to those in non-treated control plots by September. Strawberry vegetative growth generally increased after treatment with CGM or low-glucosinolate MSM and was particularly evident in Iteration 2, in which nine of 12 parameters were positively affected by these organic amendments. Still, improved vegetative growth resulting from these treatments did not appear to impact berry yield or individual fruit weight, because only CGM at 974 kg · ha -1 in Iteration 1 significantly increased berry yield and in that case did not affect strawberry growth measurements. From these data, it appears that CGM and low-glucosinolate MSM may aid in vegetative growth of strawberry but have little impact on weeding time or berry yield parameters under PNW conditions. WG was generally not an effective amendment, causing no difference in weed density and increasing weeding time in Iteration 2. WG did not affect strawberry growth parameters in either iteration but did improve berry yield in Iteration 1.
Conversely, high-glucosinolate MSM at 644 kg · ha -1 numerically reduced strawberry leaf area, berry yield, and individual fruit weight in Iteration 1 and yield in Iteration 2. Effects of this treatment were comparable to the effects recorded from herbicide applications in this experiment, except highglucosinolate MSM generally caused less vegetative injury to strawberry in Iteration 2. Of the organic amendments tested here, then, it appears that high-glucosinolate MSM was the best product for weed control, but lower rates should be evaluated to reduce potential for strawberry injury.
The 3-fold difference in precipitation received in the first 3 or 4 d after initial application of organic amendments during the two iterations (a 7-fold difference in the first month) did not greatly affect the relative effectiveness of these products for weed control. As evidenced by weed ratings and weeding times, more weeds were found in the wetter spring of Iteration 2 than in the drier spring of Iteration 1 regardless of treatment. The relative ability of CGM to control grasses was poorer during the dry spring, however, although highglucosinolate MSM provided relatively greater grass and broadleaf control during the wet spring. Strawberry plants produced more leaf area, runners, and daughter plants when treated with CGM or low-glucosinolate MSM in the wetter year, although all plots received equivalent levels of N. This may be a result of higher N levels in foliage of CGM-treated strawberry, a response previously noted by Nonnecke and Christians (2002) . These organic amendments may have provided more N to young strawberry plants at a time when top-dressed nitrate could have leached from the rooting zone as a result of greater summer precipitation in Iteration 2, resulting in more available N later in the summer. If accurate, it is not clear why treatment with high-glucosinolate MSM or WG did not similarly enhance vegetative growth of strawberry.
In conclusion, results from these trials indicate that CGM and WG applied at transplanting did not provide weed control benefit in the maritime PNW. Strawberry vegetative growth was enhanced by CGM during establishment, however, and CGM applied at 974 kg · ha -1 or WG at 700 kg · ha -1 improved berry yield in one of two iterations. Lowglucosinolate MSM at 644 kg · ha -1 aided in control of broadleaf weeds, whereas highglucosinolate MSM at the same rate aided in the control of both broadleaf and grass weeds, particularly if the product was adequately incorporated by rainfall. High-glucosinolate MSM reduced weeding time but also decreased berry yield and individual fruit weight in one of the two iterations. Flaming immediately before or after strawberry transplanting reduced weeding time more often than not and improved vegetative strawberry growth, berry yield, and individual fruit weight in one iteration of two. These data, however, did not indicate a combined effect of flaming and organic amendments.
